Long-term time series of sardine and anchovy landings often suggest negative dependence between these species, and an array of mechanisms have been proposed as explanations. We reduce these propositions to four basic hypotheses of (1) independence, (2) correlated process noise, (3) interspecific interactions, and (4) correlated observational error. We use a Bayesian approach to develop priors for parsimonious state space models with both process noise and observation error that represent each of these hypotheses, and apply this approach to five long-term time series of landings collected from the Pacific and Atlantic Oceans. Model comparison criteria suggest that the hypothesis of correlated process noise has the broadest support, where the temporal dependence of anchovy and sardines may be caused in part by either direct environmental influence on their physiology, or indirect bottom-up effects on their prey. However, all hypotheses find some degree of support within the five time series, and in general, the sardine and anchovy landings suggest weak intraspecific density dependence and susceptibility to both environmental and anthropogenic perturbation. Results additionally suggest that the best fitting hypothesis depends on the choice of geographic scale, temporal scale, and stock definition of the recorded landings.
, which could produce positive process dependence.
57
In addition, process noise dependence could potentially be created by 58 the fisheries. Geographical distributions of stocks may shift in response to 59 environmental conditions such that catchability is affected (e.g., Rodríguez- 
132
These are a subset of the stocks contained in the longer time series of Japan
133
(Combined) landings data, described below. 
where
t is the biomass of species i in year t, l (i) controls density indepen-148 dent growth and natural mortality, G (i,i) controls intraspecific density depen-149 dence, G (i,j) controls interspecific density dependence, and process noise is 150 independently and identically distributed, and marginally normal with mean 151 zero and standard deviation σ (i) ,
.
152
The goal is to infer whether or not sardine and anchovy exhibit temporal 153 dependence in Eq.
(1) using landings data. Clearly, changes made to a 154 fishery's effective effort or regulations over time will affect landings data.
155
Nevertheless, a stock's landings probably provide some information on a 156 stock's size in regions with active fisheries, although the story is incomplete.
157
For example, with the usual caveats, trends in landings data from sardine and
158
anchovy are often compared with sardine and anchovy stock estimates (e.g., 
161
The next step might be to consider that a species' annual catch C is
162
proportional to effort E multiplied by biomass B, C = qEB, and include 
where observation error is marginally normal, ω
the second line of Eq. (2), the parameter m (i) contains both the density 202 independent and density dependent parameters from Eq.
(1) and also the 203 exploitation rates,
. 
216
Substituting X
t , which we refer to as the latent (unobserved) 217 state, and transforming to the log scale obtains, and realisations of random variables (noise terms) are in bold lower case.
222
The density independent parameter of species i is now,
Again, the relationships with the density dependent parameters and the stock normal prior centered at zero,
(Jury, 1962) provides the following criteria for stability:
These criteria show, for example, that increasing either interspecific com-
266
petition or predation too much will lead to instability. We expect that the and process error consistent with the state space model framework.
285
We assume that the observations have at least a 95% chance of being
286
within an order of magnitude above or below a realized value of the latent 287 state for species i, denoted x
t < log 10) > 0.95, and, because P (−1.96 × σ in the recorded catch data but all sources of random variation that affect 294 catch as a proxy index of stock size, see Section 3.1). This means that,
t < log 1.1) < 0.95, and, again because P (−1.96 × σ
this sets the lower bound σ more than an order of magnitude, and less than a 95% chance of varying by
305
∼ 10% or less (conversely, this latter restriction says that there is more than 306 a 5% chance that the population fluctuates by at least ∼ 10%).
307
Given the above constraints on the standard deviation of the noise pro- We also consider alternative prior specifications in Section 3.5. 
0.5, and ρ = 0.5. We then fit models M i for i ∈ {ind, pro, isi, obs} under 359 the default prior choice, the broad prior, and the half-Cauchy prior. 
that is derived from the Kalman filter (Harvey, 1989; Schnute, 1994) . The tar-
Hastings acceptance probability at iteration j for the proposed static param-
where θ * j is generated from a multivariate normal proposal distribution, de-376 noted q θ j−1 , θ * j , centered at θ j−1 .
377
We used an adaptive proposal q j (θ j−1 , ·) at iteration j for the proposed 378 static parameters θ * j that satisfies theoretical properties for ergodicity (Roberts 379 and Rosenthal, 2009) and consisted of the mixture,
where Σ j−1 is the empirical covariance matrix of the static parameters for 
Real data analyses

419
For a given species and dataset, the standard deviations of both the 420 process and observation error were similar across all models (Figure 2 , Table   421 B.1). There was some evidence that process noise is higher for California
422
anchovy than sardine, where the probability that σ (s) > σ (a) was greater than for sardine compared to anchovy (Figure 2) , and the Japanese data sets had 428 the lowest observation noise.
429
Estimates of intraspecific density dependence appeared weaker for sardine 430 than anchovy (Figure 3, intraspecific density dependence than sardine.
441
We now step through the model selection results and present the esti- closely with M pro as the best-fitting models.
450
This is the shortest data series considered in the paper, and in Figure 5 analysis performed on the Japan (combined) series for the same period as 518 the shorter Japan (Pacific) series found strong support for M pro over M com .
519
Conclusions for the Japanese stocks were evidently affected by geographical 520 scale, temporal scale, stock composition, or a combination of these factors.
521
Thus, although the environmental dependence hypothesis performed best in 522 most of the analyses considered, all hypotheses found some support.
523
As expected, the Bayes factors exhibited some sensitivity to the choice of 
544
There was some evidence that intraspecific density dependence may be ranked model for the Japan (Pacific) data set, and there was a posterior 563 probability of 0.8 that this system is reactive. However, we could also look 564 at the conditional probability that the system is reactive, given that the sys-565 tem is also stable. Returning to the analysis of M com for the Japan (Pacific) 566 data, we found that ∼ 0.88 probability that the system was stable. Given 567 that the system was stable, there was a conditional probability of ∼ 0.77 568 that the system was reactive, and 0.68 joint probability that the system was 569 both stable and reactive.
570
The sometimes dramatic nature of the antagonistic fluctuations of sar- 
625
The estimation procedure used here (Section 3.7) may also be extended to 626 accommodate nonlinear process models using a particle filter representation (Table 1) . The x-axes are given in years beginning with the first observation of both anchovy and sardine landings. For the two related Japan series, the arrows denote the year in which the shorter Japan (Pacific) series begins. 
